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(57) ABSTRACT 

A method and apparatus for placing synchronous amplitude 
modulation onto an optical data signal. An amplitude modu 
lator imparts periodic intensity modulation to an optical 
signal on Which data has been, or Will be, modulated. A 
phase modulator may also be provided to impart synchro 
nous phase modulation to the optical signal, and a polariza 
tion modulator may be provided to impart polarization 
modulation. 
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SYNCHRONOUS AMPLITUDE MODULATION FOR 
IMPROVED PERFORMANCE OF OPTICAL 

TRANSMISSION SYSTEMS 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] The present application is a continuation-in-part of 
US. application Ser. No. 10/689,484, ?led Oct. 20, 2003, 
Which is a continuation of US. application Ser. No. 10/315, 
560, ?led Dec. 10, 2002, Which is a continuation of US. 
application Ser. No. 09/776,942, ?led Jan. 17, 2001, now 
US. Pat. No. 6,556,326, Which is a continuation of US. 
application Ser. No. 08/771,097, ?led Dec. 20, 1996, noW 
abandoned, the teachings of Which applications are incor 
porated herein by reference. 

TECHNICAL FIELD 

[0002] The present application relates to the optical trans 
mission of information and more particularly, to a method 
and apparatus for improving transmission capabilities over 
optical ?ber transmission systems. 

BACKGROUND 

[0003] Very long optical ?ber transmission paths, such as 
those employed in undersea or transcontinental terrestrial 
lightWave transmission systems, Which employ optical 
ampli?er repeaters, are subject to decreased performance 
due to a host of impairments that accumulate along the 
length of the optical ?ber in the transmission path. The 
source of these impairments Within a single data channel 
includes ampli?ed spontaneous emission (ASE) noise gen 
erated in the Erbium-Doped Fiber-Ampli?ers (EDFAs), 
nonlinear effects caused by dependence of the single-mode 
?ber’s index on the intensity of the light propagating 
through it, and chromatic dispersion Which causes different 
optical frequencies to travel at different group velocities. In 
addition, for Wavelength division multiplexed (WDM) sys 
tems, Where several optical channels might be on the same 
?ber, crosstalk betWeen channels caused by the ?ber’s 
nonlinear index should be considered. 

[0004] It has been advantageous to operate long-haul 
transmission systems at high data rates per channel. For 
example, multiples of the Synchronous Digital Hierarchy 
(SDH) standard of 2.5 Gb/s are generally considered useful. 
Generally speaking, the impairments that limit the system’s 
performance cause tWo types of degradations in the received 
eye pattern, Which are related to randomness (caused by 
noise) and deterministic degradations (or distortions in the 
received bit pattern). Distortions of the second type are 
sometimes referred to as Inter-Symbol Interference (ISI). As 
the bit rates rise into the gigabit per second range it is useful 
to manage those impairments that affect the shape of the 
received pulses, and to limit the ISI. 

[0005] Distortions of the received Waveform are in?u 
enced by the shape of the transmitted pulses and the details 
of the design of the transmission line. TWo signaling formats 
considered useful in long-haul transmission systems are the 
non-return-to-Zero (NRZ) and solitons formats. The trans 
mission format used in most long-haul lightWave systems 
has been the NRZ format because it is easy to generate, 
detect and process. The name NRZ is applied to this format 
because it describes the Waveform’s constant value charac 
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teristic When consecutive binary ones are sent. Alternatively, 
strings of binary data With optical pulses that do not occupy 
the entire bit period are described generically as Return-to 
Zero or RZ. TWo examples of RZ signaling pulses are a 
rectangular pulse that occupies one half of the bit period, and 
a hyperbolic secant pulse (or soliton) With a pulse Width of 
about 1/5 of the time slot. 

[0006] KnoWn methods of reducing noise and distortion in 
lightWave transmission systems include the application of 
synchronous polariZation and phase modulation to the NRZ 
signaling format (see US. Pat. No. 5,526,162), dispersion 
management of the transmission line, or the use of optical 
solitons. Scrambling the state-of-polariZation of the optical 
carrier at the bit-rate of the transmitted NRZ signal can 
greatly improve the transmission performance of long-haul 
optical ampli?ed transmission systems. In addition to syn 
chronous polariZation scrambling, superimposed phase 
modulation (PM) can dramatically increase the eye opening 
of the received data pattern. This increase results from the 
conversion of PM into bit-synchronous amplitude modula 
tion through chromatic dispersion and nonlinear 
effects in the ?ber. These synchronous polariZation/phase 
modulation techniques Were used in a WDM transmission 
system having a total transmission capacity of 100 Gb/s (20 
WDM channels at 5 Gb/s) over 6300 km, as discussed in 
Bergano, et al., “100 Gb/s WDM Transmission of TWenty 5 
Gb/s NRZ Data Channels Over Transoceanic Distances 
Using a Gain Flattened Ampli?er Chain,” European Con 
ference on Optical Communication (ECOC’95), Paper 
Th.A.3.1, Brussels, Belgium, Sep. 17-21, 1995. 

[0007] While these methods have been effective, it is 
desirable to further improve the performance of long dis 
tance optical transmission systems. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0008] FIG. 1 shoWs a simpli?ed block diagram of one 
exemplary embodiment of a synchronous amplitude modu 
lated transmitter consistent With the present invention. 

[0009] FIG. 2 shoWs exemplary Waveforms and corre 
sponding eye diagrams output from an exemplary transmit 
ter consistent With the invention shoWing different levels of 
synchronous amplitude modulation. 

[0010] FIG. 3 shoWs exemplary eye diagrams output from 
an exemplary transmitter consistent With the invention, each, 
of the eye diagrams being associated With different amounts 
of delay betWeen the data modulation, and the synchronous 
amplitude modulation. 

[0011] FIG. 4 shoWs a simpli?ed block diagram of 
another exemplary embodiment of a transmitter consistent 
With the invention including synchronous optical phase 
modulation, amplitude modulation, and polariZation modu 
lation. 

[0012] FIG. 5 shoWs a resulting Q-factor verses the level 
of synchronous amplitude modulation for an arrangement 
employing a similar transmitter to that shoWn in FIG. 4. 

[0013] FIG. 6 shoWs an embodiment of a transmission 
system architecture consistent With the invention including 
a synchronously modulated transmitter, receiver, transmis 
sion path, and telemetry path. 
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[0014] FIG. 7A shows a prior art Mach-Zehnder modu 
lator con?gured for operation as an optical signal phase 
modulator. 

[0015] FIG. 7B is a plot of optical signal poWer vs. time 
for a prior art differential phase shift keying modulation 
format. 

[0016] FIG. 8 shoWs exemplary Waveforms and corre 
sponding eye diagrams output from an exemplary transmit 
ter consistent With the invention using a DPSK modulation 
format and different levels of synchronous amplitude modu 
lation. 

[0017] FIG. 9 is a plot of Q-factor verses the path aver 
aged launch poWer for a RZ-DPSK formatted signal trans 
mitted using a transmitter consistent With the invention. 

[0018] FIG. 10 shoWs a simpli?ed block diagram of 
another exemplary embodiment of a transmitter -consistent 
With the invention including synchronous optical phase 
modulation and amplitude modulation. 

[0019] FIG. 11 is a plot of Q-factor verses the path 
averaged launch poWer for a CRZ-DPSK formatted signal 
transmitted using a transmitter consistent With the invention 
including synchronous optical phase modulation and ampli 
tude modulation. 

DETAILED DESCRIPTION 

[0020] FIG. 1 shoWs a simpli?ed block diagram of an 
exemplary optical transmitter consistent the invention. As 
shoWn, the transmitter includes a laser 100 for producing a 
continuous Wave (CW) optical signal 101. The optical signal 
101 may be transmitted to a data modulator 102 that 
modulates the signal to impart information thereto in a 
Well-known fashion, producing a modulated optical infor 
mation signal 103. The data modulator 102 may receive the 
data to be imparted to the optical signal 101 from a data 
source 104 and modulate the optical signal 101 at a fre 
quency determined by a clock 106. The optical information 
signal 103 may be transmitted from the data modulator 102 
to an amplitude modulator 107 Which places intensity modu 
lation on the optical information signal 103. Modulators 102 
and 107 could be, for example, a 10 Gb/s modulator manu 
factured by Lucent Technologies as model number 2023. 

[0021] Consistent With the present invention, the ampli 
tude modulator 107 may be driven by the clock 106 so that 
the intensity of the optical information signal 103 is re 
modulated at a rate equal to the rate at Which data is imparted 
to the optical signal 101, Which is de?ned by clock 106. As 
further shoWn in FIG. 1, it may be advantageous to provide 
an electrical variable-delay 109 and an amplitude adjustment 
mechanism 110 Which couple the clock 106 to the amplitude 
modulator 107. The variable delay 109 may be employed to 
selectively adjust the phase of the amplitude modulation 
imparted by amplitude modulator 107 relative to the phase 
of the data modulation imparted by data modulator 102. The 
amplitude adjustment mechanism 110 may be employed to 
adjust the modulation depth that amplitude modulator 107 
imparts to optical information signal 103. The optimal 
settings for these adjustments Will depend on many param 
eters and can be determined empirically. Moreover, in a 
WDM system, the optimal setting for each channel may not 
necessarily be the same and thus the channels may be 
individually optimiZed. 
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[0022] The manner in Which the clock 106 drives the 
amplitude modulator 107 may be described by examining 
the electric ?eld components of the optical signal 103 on 
Which the amplitude modulator acts. In x-y coordinates 
these components may be expressed as folloWs: 

EX(I)=AX(I)QK”"¢X(‘D (1) 
Ey(t)=Ay(t)ei(wr+¢y(0) (2) 

[0023] Where no is the optical carrier frequency, AX(t) and 
Ay(t) are assumed to be real ?eld amplitudes Which include 
the intensity modulation imposed by data modulator 102, 
and ¢X(t) and q)_y(t) are the optical phase components and 
include any optical phase modulation that might be present. 
The amplitude modulator 107 may serve to modulate the 
optical signal by varying only the real amplitudes AX(t) and 
Ay(t), With a function F(t) that is periodic and has a 
fundamental frequency component that is equal to, and 
phase locked to the clock signal generated by clock 106. 

[0024] Amplitude modulator 107 may impress an ampli 
tude modulation such that the intensity of signal 103 is 
multiplied by I(t). For purposes of illustration it is assumed 
that the periodic function F(t) is normaliZed to be in the 
range bounded by [+1, —1]. I(t) is given by: 

[0026] Where A,rn is the percentage of amplitude modu 
lation placed on optical information signal 103 by modulator 
107, and IPam is the phase angle of the modulation With 
respect to the data modulation. Thus, I(t) is simply a scaled 
version of periodic function F(t) With a maximum value of 
unity, a minimum value of B, and is offset in time by 1Pam. 
The level of the amplitude modulation may be adjusted by 
amplitude adjustment mechanism 110, and the offset II'm 
may be adjusted by variable delay 109. The signal 108 from 
the transmitter may then be represented by the folloWing 
electric ?eld components: 

[0027] Equations (5) and (6) have been Written in general 
terms for any periodic function that ?ts the above descrip 
tion. HoWever, it may be advantageous to employ sinusoidal 
modulation, Which Will be the basis for the illustrative 
Waveforms shoWn in FIG. 2 and FIG. 3. 

[0028] FIG. 2 shoWs a series of Waveforms representing 
an exemplary output signal 108 When the periodic Waveform 
providing the amplitude modulation via modulator 107 is a 
sinusoidal function. Each Waveform, Which includes tWelve 
bits, results from a different level of modulation depth 
imparted by the amplitude modulator 107. Adjacent to each 
Waveform is its corresponding eye diagram. Waveform 201 
and its corresponding eye diagram 202 are examples of a 
conventional NRZ Waveform. Waveforms 203, 205, 207, 
209, and 211, Which respectively correspond to eye dia 
grams 204, 206, 208, 210, and 212, shoW Waveforms for 
amplitude modulation levels of 20%, 40%, 60%, 80%, and 
90%, respectively. 
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[0029] The Waveforms generated by a system consistent 
With the present invention may not conveniently ?t the 
de?nition of any conventional modulation format. For 
example, the Waveforms shoWn in FIG. 2 are not constant 
in value over contiguous “1” bits and thus do not ?t the 
standard de?nition of the NRZ format. In addition, since the 
Waveforms do not necessarily return to Zero betWeen adja 
cent bits, they do not ?t the standard de?nition of the RZ 
format. The Waveform generated by a system consistent With 
the invention may thus provide a tradeoff betWeen tWo 
regimes in the transmission system. In the illustrated exem 
plary Waveforms, for example, the energy in the pulses is 
more concentrated near the center of the bit slot, Which is 
desirable for limiting the amount of ISI, but since the bit 
almost ?lls the bit slot, the peak intensity may not be as large 
as it Would be, for example, in a soliton system. In addition, 
the rise and fall times of the pulses may be reduced, Which 
may loWer the amount of chirp induced on the pulse by the 
?ber’s nonlinear index. 

[0030] One of ordinary skill in the art Will recogniZe that 
the Waveforms shoWn in FIG. 2 may be produced by 
variants of the transmitter shoWn in FIG. 1. For example, the 
modulation imparted in FIG. 1 by the amplitude modulator 
could be alternatively generated by electrical means prior to 
impressing the optical carrier signal 101 With data. For 
example, the data source 104 could supply to the modulator 
102 electrical Waveforms similar to those in shoWn in FIG. 
2 so that the amplitude modulation is directly imparted onto 
the carrier signal 101. Alternatively, such an electrical 
Waveform could be used to directly modulate a semicon 
ductor laser, such as a distributed feedback laser. Also it is 
appreciated that the periodic Waveform used to drive the 
additional modulation stage 107 in FIG. 1 need not be a 
sinusoid. 

[0031] FIG. 3 illustrates the effects of the delay element 
109 on the eye diagram by shoWing ?ve eye diagrams of an 
exemplary output signal 108 for different phase offsets. The 
eye diagrams in this ?gure Were all produced using a 
sinusoidal amplitude modulation level of 60%, similar to 
eye diagram 208 in FIG. 2. In eye diagram 301 the phase of 
the amplitude modulation is aligned With the phase-of the 
impressed data. Eye diagrams 302 and 303 Were produced 
by shifting the phase of the amplitude modulation by —30° 
and —60°, respectively, With respect to the impressed data. 
Similarly, eye diagrams 304 and 305 Were produced by 
shifting the phase of the amplitude modulation by +30° and 
+60°, respectively, With respect to the impressed data. A 
knoWn amount of skeW may be conveniently built into the 
transmitted eye by shifting the modulation phase in this 
manner. This feature may be used to correct for certain 
impairments found in high-speed lightWave communica 
tions. For example in systems using 10 Gb/s carriers, it is 
knoWn that the single-mode ?ber’s third order dispersion 
can cause a skeW in the received eye. By placing a knoWn 
amount of skeW in the transmitted eye it may be possible to 
offset some of the penalty associated With the impairment 
caused by the knoWn Waveform distortions. 

[0032] FIG. 4 shoWs an exemplary alternative embodi 
ment of a system consistent With the invention in Which the 
amplitude modulator 107 is used in connection With a 
transmitter employing synchronous polariZation and optical 
phase modulation. An example of such a transmitter is 
disclosed in US. Pat. No. 5,526,162 to Bergano, the teach 
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ings of Which are incorporated herein by reference. In FIG. 
4, a laser 400 may produce a continuous Wave (CW) optical 
signal 401. The optical signal 401 may be transmitted to a 
data modulator 402 that modulates the signal to impart 
information thereto in a Well-knoWn fashion, producing a 
modulated optical information signal 403. The data modu 
lator 402 may receive the data to be imparted to the optical 
signal 401 from a data source 404 and modulate the optical 
signal 401 at a frequency determined by a clock 405. The 
optical information signal 403 may be transmitted from the 
data modulator 402 to optical phase modulator 406, ampli 
tude modulator 407, and to polariZation modulator 413. The 
clock 405 may drive the three modulation stages via a series 
of variable delay elements 408, 409, and 414, Which may be 
used to selectively adjust the delay of the modulation 
imparted by modulators 406, 407, and 413 relative to the 
phase of the data modulation imparted by modulator 402. 
Consistent With the present invention, the amplitude modu 
lator 407 may be driven by the clock 405 so that the intensity 
of the optical information signal is re-modulated at a rate 
equal to the rate at Which data is imparted to the optical 
signal 401. Similar to the FIG. 1 embodiment, an amplitude 
adjustment mechanism 410 may be employed to set the 
modulation depth that amplitude modulator 410 imparts on 
signal 413. 

[0033] The manner in Which the clock 405 drives the 
phase modulator 406, amplitude modulator 407, and polar 
iZation modulator 413 may be described by examining the 
electric ?eld components of the optical signal 415. These 
components are similar to those presented in equations (5) 
and (6) With the inclusion of additional phase terms. For 
example, assume that the synchronous modulation imparted 
by the modulators is sinusoidal. The transmitter shoWn in 
FIG. 4 may modify the optical phase of the signal produced 
by the transmitter of FIG. 1 While the amplitude is 
unchanged. In this case the phase modulation imparted to the 
optical signal includes tWo separate and independent phases: 
a phase 1P2 associated With polariZation modulator 413 and 
a phase 1P1 associated With the optical phase modulator 406. 
Thus, the phase angles (PX and (by of the optical signal 415 
launched from the polariZation modulator become: 

[0034] Where aX and ay are the phase modulation indices of 
the polariZation modulator, b is the phase modulation index 
of the optical phase modulator, ‘P1;2 are the phase offsets set 
by delay elements 408 and 414, respectively, and Q is the bit 
rate set by clock 405. 

[0035] As equations (7) and (8) indicate, the optical phase 
modulator 406 may impart the same phase modulation to 
both the x and y components of the optical signal. Accord 
ingly, the optical phase modulator 406 may modulate the 
optical phase of signal 403 Without modulating its polariZa 
tion. The reason the optical phase modulator 406 does not 
modulate the polariZation is because the polariZation modu 
lation of the optical signal is proportional to the difference 
betWeen the phases (PX and (by and this difference is unaf 
fected by the optical phase modulator 406 since it modulates 
both (])X and (by by equal amounts. In principle, every possible 
State-of-PolariZation (SOP) of a monochromatic signal hav 
ing these electric ?eld components can be obtained by 
varying the ratio aX/ay While maintaining the value of (aX2+ 
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ayz) constant and varying the relative phase difference (PX-(by 
betWeen 0 and 275. However, the polarization modulator 413 
serves to modulate the SOP of the optical signal by varying 
only the difference of the phases (PX and (by, Which is 
sufficient to provide a SOP Whose average value over a 
modulation cycle is loW. Polarization modulator 413 may 
alter the SOP of the optical information signal in such a Way 
that the degree of polariZation over the modulation period is 
reduced from unity. Accordingly, the output signal 415 may 
have a degree of polariZation that can be substantially equal 
to Zero and is said to be polariZation scrambled. The 
polariZation modulator 413 may serve to trace the SOP of 
optical information signal 415 on a complete great circle of 
the Poincare sphere. Alternatively, the SOP of the optical 
signal may reciprocate along the Poincare sphere. In either 
case, the average value of the SOP over each modulation 
cycle may be substantially loWered from its normal value of 
unity. 
[0036] One of ordinary skill in the art Will recogniZe that 
the functions of the various modulators are shoWn in FIG. 
4 for purposes of illustration only and that tWo or more of the 
modulators may be realiZed in a single functional unit. For 
example, as previously mentioned, data modulator 402 may 
also function as the amplitude modulator 407 by having the 
data source 404 provide the proper electrical drive signal. In 
addition, the functions of phase modulator 406 and polar 
iZation modulator 413 may be combined in a manner similar 
to that shoWn in FIG. 3 of US. Pat. No. 5,526,162. 

[0037] The experimental results presented in FIG. 5 Were 
obtained from a transmitter of the type shoWn in FIG. 4, 
Which incorporated an NRZ transmitter having synchronous 
amplitude, phase, and polariZation modulation. The trans 
mission path, Which used circulating loop techniques, 
extended 9,300 kms and employed tWenty WDM channels, 
each operating at a bit rate of 5.0 Gbits/sec With an average 
launch poWer of +7 dBm for all of the channels. The 
experiment Was similar to the results for a tWenty channel 
system presented by Bergano and Davidson in IEEE Journal 
of LightWave Technology, Vol. 14, No. 6, p. 1299 June 1996, 
except that in the present arrangement the EDFAs Were 
pumped at 980 nm, Which improved the noise ?gure and 
increased the transmission distance. FIG. 5 shoWs the 
resulting Q-factor (i.e., the electrical. signal-to-noise ratio) 
versus the depth of modulation for channels 3 and 19. The 
tWo channels are representative of tWo different chromatic 
dispersion regimes of the system. Channel 3, located at 6.8 
nm beloW the Zero dispersion Wavelength k0 had an average 
dispersion of —0.51 ps/km-nm and channel 19 located 2.8 
nm higher that L0 had an average dispersion of +0.21 
ps/km-nm. The data indicates that good Q-factor perfor 
mance can be achieved by selecting an appropriate value for 
the depth of modulation. The appropriate value may differ 
from both the pure NRZ format (0% depth of modulation) 
and the RZ format (greater than 100% depth of modulation). 
FIG. 5 also provides a de?nition used to calculate the depth 
of modulation. 

[0038] FIG. 6 is an example of a transmission system 
including a transmitter, receiver, transmission path, and 
telemetry path consistent With the present invention. ShoWn 
are a synchronously modulated transmitter 601 such as 
shoWn in FIGS. 1 or 4, transmission medium 602, and 
telemetry path 603 Which connects equipment at the receiver 
side to the transmitter side to feedback a characteristic of the 
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received signal such as the Q-factor. Transmission medium 
602, for purposes of this example, but not as a limitation on 
the invention, is a chain of optical ampli?ers and single 
mode optical ?bers. These elements are Well knoWn in the 
art. Transmitter 601 may produce an optical information 
signal Whose amplitude, and/or optical phase and polariZa 
tion is synchronously modulated as described above. At the 
receiver, the Q-factor may be measured as an indication of 
transmission performance With a Q-factor measurement 
apparatus 605. The Q-factor, Which provides a method for 
determining the transmission performance of signals after 
propagation through lightWave systems, is discussed in 
Bergano et al., IEEE Phot. Tech. Lett., Vol. 5, No. 3, March 
1993. Apparatus 605 may be, for example, a Q measurement 
unit manufactured by Advantest under the model number 
D3281. The Q-factor may be sent back to the transmitter 601 
via telemetry path 603. It Will be appreciated by those skilled 
in the art that it may be desirable, in some applications, for 
telemetry path 603 to be part of the same transmission 
system, such as overhead bits in a SDH frame, or an 
order-Wire channel, or be transmitted on a different channel, 
such as a separate phone line. The Q-factor may be received 
and processed by a logic element that may be located, for 
example, Within the synchronously modulated transmitter 
601. The logic element may control the level and the relative 
timing of the various modulation stages imparted to the 
signal from transmitter 601 to maximiZe the received Q-fac 
tor. This type of feedback system may be provided to assist 
in maintaining adequate transmission performance in the 
presence of a fading channel, Which can be caused by 
polariZation effects. 

[0039] As indicated above, the data modulator 102 may 
modulate the optical signal to impart information thereto in 
a Well-knoWn fashion. A variety of data modulator con?gu 
rations for applying a variety of modulation formats are 
Well-knoWn to those of ordinary skill in the art. For example, 
the data modulator 102 may be con?gured modulate the 
optical signal using a Well-knoWn format such as NRZ, RZ, 
phase shift keying (PSK), differential phase shift keying 
(DPSK), etc. 

[0040] In an embodiment Wherein the data modulator 102 
is con?gured to modulate the optical signal to impart infor 
mation thereto using a DPSK format, the data modulator 102 
may receive the data to be imparted to the optical signal 101 
from a data source 104 and modulate the optical signal 101 
at a frequency determined by a clock 106 to form a DPSK 
modulated signal 103 in a Well-knoWn manner. The DPSK 
modulated optical information signal 103 may be transmit 
ted from the data modulator 102 to an amplitude modulator 
107 Which places a synchronous intensity modulation on the 
optical information signal 103. 

[0041] The intensity modulation imparted by the ampli 
tude modulator 107 may be periodic. To impart periodic 
amplitude modulation, the modulator 107 may be driven by 
a periodic signal, such as a sinusoidal signal. In one embodi 
ment, the amplitude modulator 107 may be con?gured to 
impart amplitude modulation Without also applying phase 
modulation to the signal. The amplitude modulator 107 may 
thus re-modulate the DPSK modulated signal 103 at a rate 
equal to the rate at Which data is imparted to the optical 
signal 101 de?ned by clock source 106. In such an embodi 
ment, modulators 102 and 107 may, for example, be type 
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2612 and/or 2622 SLIM-PAC modulators manufactured and 
sold by AT&T Microelectronics. 

[0042] The DPSK data modulator 102 in such an embodi 
ment may include a Mach-Zehnder-type optical modulator 
as described, for example, in T. Chikama, et al., “Modulation 
and Demodulation Techniques in Optical Heterodyne PSK 
Transmission Systems,” Journal of LightWave Technology, 
Vol. 8, No. 3, March 1990 pages 309-322, the teachings of 
Which are hereby incorporated by reference. In such a 
con?guration the optical phase of the signal 103 emerging 
from the data modulator changes abruptly from 0° to 180° 
(or 0 to at radians) on the transitions betWeen differential bits, 
thus providing a high-?delity digital phase modulation. 

[0043] FIG. 7A, for example, illustrates the structure and 
operation of an exemplary Mach-Zehnder-type optical phase 
modulator 102a, as described in the above-mentioned pub 
lication by T. Chikama et al. As shoWn, an input optical 
signal, e.g. signal 101, having a total poWer PO is branched 
into equal segments P1, P2 on the tWo Waveguide structures 
702, 704 of the Mach-Zehnder modulator 102a. DPSK 
modulation may be achieved by applying a voltage betWeen 
the tWo electrodes 706, 708 to cause the optical phase in 
Waveguide 702 to rotate counterclockwise and the optical 
phase in Waveguide 704 to rotate clockWise. As discussed in 
the publication by T. Chikama et al, if the modulation 
ef?ciencies of the Waveguides 702, 704 are equal, the phase 
of the combined optical signal P (e.g. signal 103) changes, 
abruptly from 0° to 180°, depending on the rotation angle of 
the phase at each Waveguide. FIG. 7B, for example, is a plot 
of output poWer vs. time for an exemplary output 103a of 
modulator 102a for a 0, at, 0 phase modulation sequence. 
DPSK modulation may thus be generated by selecting the 
appropriate driving voltage bias point for data modulator 
102a. Those of ordinary skill in the art Will recogniZe that 
the driving voltage and bias point may be established by a 
data source 104 including a differential encoder of the type 
typically employed in a DPSK system. Alternatively, a 
differential encoder could be used at the receiving terminal 
of a transmission system. 

[0044] Again, in an embodiment Where the data modulator 
102 is a DPSK modulator, it may be advantageous to provide 
an electrical variable-delay 109 and an amplitude adjustment 
110. The variable delay 109 may be used to selectively 
adjust the phase of the amplitude modulation imparted by 
data modulator 107 relative to the phase of the data modu 
lation imparted by data modulator 102 or 102a. The ampli 
tude adjustment 110 may be used to set the depth of 
modulation that amplitude modulator 107 imparts on signal 
103. The optimal settings for these adjustments Will depend 
on many parameters in the system, and can be determined 
empirically. In one embodiment, the delay provided by 
variable delay 109 may be set to align the center of the data 
bits on line 103 With the peak amplitude point of the 
synchronous amplitude modulation provided by modulator 
107. Again, in a WDM system, the optimal setting for each 
channel may not necessarily be the same and thus the 
channels may be individually optimiZed. 

[0045] FIG. 8 shoWs a series of exemplary Waveforms 
representing the output signal 108 When the data source 104 
and modulator 102 are con?gured to impart DPSK modu 
lation to the optical signal 101, and amplitude modulator 107 
is con?gured to provide synchronous periodic amplitude 
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modulation. Each of the illustrated Waveforms results from 
a different level of depth of amplitude modulation imparted 
by the amplitude modulator 107. Adjacent to each Waveform 
is its corresponding eye diagram. In each Waveform tWelve 
bits of data are modulated onto the phase difference betWeen 
tWo adjacent time slots. The optical phase of the signal in 
each of the time slots is indicated by the phase modulation 
sequence 813 given by the 0’s and rc’s. After DPSK demodu 
lation in the receiver the Waveforms may look similar to 
those shoWn in FIG. 2. 

[0046] Waveform 801 and eye diagram 802 are examples 
of intensity pro?les for a conventional DPSK Waveform. 
Waveforms 801 and 802 are sometimes referred to as 

representing Non-Return-to-Zero DPSK (NRZ-DPSK). 
Waveforms 803, 805, 807, 809, and 811, Which respectively 
correspond to eye diagrams 804, 806, 808, 810, and 812, 
shoW Waveforms for 20%, 40%, 60%, 80%, and 100% 
amplitude modulation, respectively. These different levels of 
amplitude modulation may, for example, be established by 
the amplitude adjustment mechanism 110. 

[0047] As shoWn, the optical intensity of Waveforms 803, 
805, 807, 809 and 811 is not constant during contiguous 
blocks of binary 0’s or rc’s and thus does not ?t the standard 
de?nition of NRZ-DPSK. The optical intensity of Waveform 
811 returns substantially to Zero during contiguous blocks of 
binary 0’s or rc’s and hence is sometimes referred to as 
representing Return-to-Zero DSPK (RZ-DPSK). The optical 
intensity of Waveforms 803, 805, 807 and 809 is not constant 
but does not necessarily return to the Zero level betWeen bits. 
These Waveforms 803, 805, 807 and 809 thus do not ?t the 
standard RZ or NRZ de?nition, illustrating a format provid 
ing a tradeoff betWeen the tWo regimes. As discussed above 
in connection With the Waveforms illustrated in FIG. 2, the 
energy in the pulses is more concentrated near the center of 
the bit slot, but since the bit nearly ?lls the bit slot, the peak 
intensity is not as large as it Would be for example in a 
soliton system. In addition, the rise and fall times are sloWed 
doWn. 

[0048] FIG. 9 includes plots 901 and 902 of Q-factor vs. 
path-averaged optical poWer for one channel of a WDM 
transmission experiment using a transmitter consistent With 
FIG. 1 and incorporating a DPSK data modulator With 
synchronous amplitude modulation. The transmission path 
used in the experiment extended about 13,000 km and 
included conventional non slope-matched dispersion shifted 
?bers With a system dispersion slope of ~0.08 ps/nmZ/km. A 
total of 96 channels Were transmitted, each operating at a 
line bit rate of 12.3 GB/s, and a WDM spacing of 33 GHZ. 
FIG. 9 shoWs Q-factor performance of channel 33 measured 
at several values of path-averaged optical poWer along the 
transmission line. Plot 901 shoWs the Q-factor performance 
of channel 33 With a DPSK data modulator and a 0% depth 
of modulation imparted by amplitude modulator 107 (i.e. a 
conventional NRZ-DPSK format). Plot 902 shoWs the 
Q-factor performance of channel 33 With a DPSK data 
modulator and synchronous amplitude modulation imparted 
by modulator 107 at ~100% depth of modulation (corre 
sponding to Waveform 811 and eye diagram 812 in FIG. 8). 
As shoWn, use of a synchronously modulated DPSK format 
consistent With the present invention results in a Q-factor 
improvement of about 1.5 dB compared to use of a conven 
tional NRZ-DPSK format. 
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[0049] FIG. 10 illustrates another exemplary embodiment 
consistent With the invention Wherein an amplitude modu 
lator 1007 is provided along With a phase modulator 1006 
con?gured to provide synchronous optical phase modula 
tion. The illustrated exemplary embodiment includes a laser 
1000 for producing a continuous Wave (CW) optical signal 
1001. The optical signal 1001 may be transmitted to a data 
modulator 1002 that modulates the signal to impart infor 
mation thereto in a DPSK format, producing a DPSK 
modulated optical information signal 1003. The data modu 
lator 1002 may receive the data to be imparted to the optical 
signal 1001 from a data source 1004 and modulate the 
optical signal 1001 at a frequency determined by a clock 
1005. The optical DPSK information signal 1003 may be 
transmitted from the data modulator 1002 to optical phase 
modulator 1006, then amplitude modulator 1007. The clock 
1005 may drive these modulation stages through variable 
delay elements 1008 and 1009. The variable delay elements 
may be employed to selectively adjust the delays of the 
synchronous phase and amplitude modulations imparted by 
phase modulator 1006 and amplitude modulator 1007, 
respectively, relative to the phase of the data modulation 
imparted by data modulator 1002. The amplitude modulator 
1007 may be driven by the clock 1005 so that the intensity 
of the optical information signal is re-modulated at a rate 
equal to the rate at Which data is imparted to the optical 
signal 1001. An amplitude adjustment mechanism 1010 may 
be used to set the depth of modulation imparted by the 
amplitude modulator 1007, and a level adjustment mecha 
nism 1014 may be used to set the level of phase modulation 
imparted by the phase modulator 1006. 

[0050] In operation, laser 1000, data modulator 1002 and 
data source 1004 may generate the DPSK modulated optical 
signal 1003 in a manner Well-knoWn in the art. The level of 
synchronous amplitude and phase modulation applied to the 
optical signal may be adjusted using adjustment mechanism 
1010 to optimiZe system performance. For example, ampli 
tude adjustment 1010 may be set to give 100% depth of 
modulation to generate an RZ-DPSK signal With synchro 
nous phase modulation applied by phase modulator 1006, 
Which has been referred to as a chirped return-to-Zero 
differential phase shifted keyed (CRZ-DPSK) format. The 
amount of synchronous phase modulation applied by phase 
modulator 1006 may be adjusted using level adjustment 
mechanism 1014 to optimiZe system performance. 

[0051] As Will be recogniZed by those of ordinary skill in 
the art, the modulation stages 1002, 1006, and 1007 need not 
be separate electro-optic packaged devices. One or more of 
the stages may be combined into a single packaged device. 
Also the modulation stages are shoWn in a particular order 
for illustrative purposes only. The order in Which modulation 
is applied to the optical signal 1001 may be varied Without 
adversely affecting performance. For example, synchronous 
amplitude modulation may be applied directly to the laser 
output With the data modulation and/or phase modulation 
applied thereafter. Also, as discussed above, modulation 
may be generated by electrical Waveforms, eg through 
direct modulation of the laser. 

[0052] FIG. 11 includes plots 1101, 1102, 1003 and 1104 
of Q-factor vs. path-averaged optical poWer for a WDM 
transmission experiment using a transmitter consistent With 
FIG. 10 incorporating a DPSK data modulator With syn 
chronous amplitude and phase modulation. The transmission 
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path used in this measurement Was the same path as 
described for FIG. 9, and the results are shoWn for channel 
30, Which had accumulated dispersion of —4,700 ps/nm. Plot 
1101 Was recorded Without any additional phase modulation; 
plots 1102, 1103, and 1104 Were recorded for 1 radian, 1.5 
radians, and 2.0 radians, respectively, of peak-to-peak syn 
chronous phase modulation. Each of the data sets associated 
With plots 1101, 1102, 1103, and 1104 Were recorded using 
the same amount of synchronous amplitude modulation at 
~100% depth of modulation. The x-axis in FIG. 11 corre 
sponds to the path averaged poWers of six 100-GHZ spaced 
neighboring WDM channels that Were increased or 
decreased simultaneously. 

[0053] As shoWn, channel performance and the channel 
poWer improved as the phase modulation increased. There 
Was more than 2-dB improvement for the case With 2-radian 
phase modulation (plot 1104) compared to no phase modu 
lation (plot 1101), thus demonstrating the effectiveness of 
the CRZ-DPSK format. The optimum path averaged poWer 
level for the phase modulated cases (plots 1102, 1103, and 
1104) occurred at a higher path averaged poWer than Without 
synchronous phase modulation. Thus synchronously modu 
lated DPSK can tolerate higher poWers. This improved 
high-poWer tolerance may be useful in the initial deploy 
ment of a long-haul system Where the ?rst feW channels that 
are populated may operate With high path averaged poWers. 
This added performance may be advantageous Where the 
end-to-end transmission distances are very long. 

[0054] The embodiments that have been described herein 
but some of the several Which utiliZe this invention and are 
set forth here by Way of illustration but not of limitation. For 
example, synchronously modulated DPSK as described in 
connection With FIGS. 1 and/or 10 may also be implemented 
With polariZation modulation as described in connection 
With FIG. 4. Many other embodiments, Which Will be 
readily apparent to those skilled in the art, may be made 
Without departing materially from the spirit and scope of the 
invention. 

What is claimed is: 
1. An apparatus for transmitting an optical signal com 

prising: 
an optical signal source con?gured to generate an optical 

signal; 
a data modulator coupled to said optical signal source and 

con?gured to modulate data on said optical signal at a 
data modulation frequency; and 

an amplitude modulator coupled to said optical signal 
source and con?gured to provide a periodic modulation 
of the intensity of said optical signal. 

2. The apparatus of claim 1 Wherein said data source is 
con?gured to modulate said data on said optical signal using 
a DPSK modulation format. 

3. The apparatus of claim 1 Wherein said amplitude 
modulator is con?gured to provide said periodic modulation 
of the intensity of said optical signal at an intensity modu 
lation depth greater than or equal to 20%. 

4. The apparatus of claim 3 Wherein said data source is 
con?gured to modulate said data on said optical signal using 
a DPSK modulation format. 

5. The apparatus of claim 1 Wherein said amplitude 
modulator is con?gured to provide said periodic modulation 
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of the intensity of said optical signal at an intensity modu 
lation depth greater than or equal to 40%. 

6. The apparatus of claim 1 Wherein said amplitude 
modulator is con?gured to provide said periodic-modulation 
of the intensity of said optical signal at an intensity modu 
lation depth greater than or equal to 60%. 

7. The apparatus of claim 1 Wherein said amplitude 
modulator is con?gured to provide said periodic modulation 
of the intensity of said optical signal at an intensity modu 
lation depth greater than or equal to 80%. 

8. The apparatus of claim 1 Wherein said amplitude 
modulator is con?gured to provide said periodic modulation 
of the intensity of said optical signal at an intensity modu 
lation depth equal to about 100%. 

9. The apparatus of claim 1 Wherein said amplitude 
modulator is coupled to said optical signal source through 
said data modulator. 

10. The apparatus of claim 1 Wherein said amplitude 
modulator is con?gured to impart said periodic modulation 
in response to a sinusoidal drive signal. 

11. The apparatus of claim 1 Wherein said periodic 
modulation is provided at an amplitude modulation fre 
quency phase locked to said data modulation frequency. 

12. The apparatus of claim 11 Wherein said amplitude 
modulation frequency is equal to said data modulation 
frequency. 

13. The apparatus of claim 1, Wherein said data modula 
tion frequency is established by a clock coupled to said 
amplitude modulator. 

14. The apparatus of claim 1 Wherein the optical signal 
source comprises a continuous-Wave optical signal genera 
tor, Wherein said data is provided to said data modulator by 
a data source coupled to said data modulator, and Wherein 
said apparatus further comprises a clock for establishing said 
data modulation frequency. 

15. The apparatus of claim 14, Wherein said continuous 
Wave optical signal generator comprises a laser. 

16. The apparatus of claim 1 Wherein the amplitude 
modulator is con?gured to provide said periodic modulation 
of the intensity of said optical signal With a prescribed phase. 

17. The apparatus of claim 16 further comprising an 
electrical variable-delay line for selectively varying the 
prescribed phase. 

18. The apparatus of claim 17 Wherein said electrical 
variable-delay line comprises a phase shifter. 

19. The apparatus of claim 1, said apparatus further 
comprising means for selectively adjusting a depth of said 
periodic modulation of the intensity of said optical signal. 

20. The apparatus of claim 1 further comprising a phase 
modulator con?gured to provide optical phase modulation to 
said optical signal. 

21. The apparatus of claim 20 Wherein said amplitude 
modulator is coupled to said data modulator through said 
phase modulator. 

22. The apparatus of claim 20 Wherein said phase modu 
lator is con?gured to provide said optical phase modulation 
at a phase modulation frequency that is phase locked to said 
data modulation frequency. 

23. The apparatus of claim 22 Wherein said phase modu 
lation frequency is equal to said data modulation frequency. 

24. The apparatus of claim 22 further comprising a clock 
for establishing said data modulation frequency and said 
phase modulation frequency. 
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25. The apparatus of claim 20 said apparatus further 
comprising means for selectively adjusting a level of said 
optical phase modulation. 

26. The apparatus of claim 20 further comprising an 
electrical variable-delay line for selectively varying the 
phase of said optical phase modulation provided by said 
phase modulator. 

27. The apparatus of claim 26 Wherein said electrical 
variable-delay line comprises a phase shifter. 

28. The apparatus of claim 1 further comprising a polar 
iZation modulator coupled to said data modulator for modu 
lating the state of polariZation of said optical signal at said 
data modulation frequency. 

29. The apparatus of claim 28 Wherein said polariZation 
modulator is con?gured for modulating the state of polar 
iZation of said optical signal such that an average value of 
the state of polariZation over a modulation cycle is substan 
tially equal to Zero. 

30. The apparatus of claim 28 Wherein said polariZation 
modulator is coupled to said data modulator through said 
amplitude modulator. 

31. The apparatus of claim 28 Wherein said polariZation 
modulator modulates the state of polariZation by tracing the 
polariZation of said optical signal along at least a portion of 
a Poincare sphere. 

32. The apparatus of claim 28 Wherein the polariZation 
modulator modulates the state of polariZation of the optical 
signal at said data modulation frequency With a prescribed 
phase. 

33. The apparatus of claim 32 further comprising an 
electrical variable-delay line coupled to said polariZation 
modulator for selectively varying the prescribed phase. 

34. The apparatus of claim 33 Wherein said electrical 
variable-delay line comprises a phase shifter. 

35. An apparatus for transmitting an optical signal com 
prising: 

an optical signal source con?gured to generate an optical 
signal; 

a data modulator coupled to said optical signal source and 
con?gured to modulate data on said optical signal at a 
data modulation frequency using a DPSK modulation 
format; and 

an amplitude modulator coupled to said optical signal 
source and con?gured to provide a periodic modulation 
of the intensity of said optical signal at an amplitude 
modulation frequency phase locked to said data modu 
lation frequency. 

36. The apparatus of claim 35 Wherein said amplitude 
modulator is con?gured to provide said periodic modulation 
of the intensity of said optical signal at an intensity modu 
lation depth greater than or equal to 20%. 

37. The apparatus of claim 35 Wherein said amplitude 
modulator is con?gured to provide said periodic modulation 
of the intensity of said optical signal at an intensity modu 
lation depth greater than or equal to 40%. 

38. The apparatus of claim 35 Wherein said amplitude 
modulator is con?gured to provide said periodic modulation 
of the intensity of said optical signal at an intensity modu 
lation depth greater than or equal to 60%. 

39. The apparatus of claim 35 Wherein said amplitude 
modulator is con?gured to provide said periodic modulation 
of the intensity of said optical signal at an intensity modu 
lation depth greater than or equal to 80%. 
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40. The apparatus of claim 35 wherein said amplitude 
modulator is con?gured to provide said periodic modulation 
of the intensity of said optical signal at an intensity modu 
lation depth equal to about 100%. 

41. The apparatus of claim 35 Wherein said amplitude 
modulator is coupled to said optical signal source through 
said data modulator. 

42. The apparatus of claim 35 Wherein said amplitude 
modulator is con?gured to impart said periodic modulation 
in response to a sinusoidal drive signal. 

43. The apparatus of claim 35 Wherein the amplitude 
modulator is con?gured to provide said periodic modulation 
of the intensity of said optical signal With a prescribed phase. 

44. The apparatus of claim 43 further comprising an 
electrical variable-delay line for selectively varying the 
prescribed phase. 

45. The apparatus of claim 35, said apparatus further 
comprising means for selectively adjusting a depth of said 
periodic modulation of the intensity of said optical signal. 

46. The apparatus of claim 35 further comprising a phase 
modulator con?gured to provide optical phase modulation to 
said optical signal. 

47. The apparatus of claim 46 Wherein said phase modu 
lator is con?gured to provide said optical phase modulation 
at a phase modulation frequency that is phase locked to said 
data modulation frequency. 

48. The apparatus of claim 47 Wherein said phase modu 
lation frequency is equal to said data modulation frequency. 

49. The apparatus of claim 46 said apparatus further 
comprising means for selectively adjusting a level of said 
optical phase modulation. 

50. The apparatus of claim 46 further comprising an 
electrical variable-delay line for selectively varying the 
phase of said optical phase modulation provided by said 
phase modulator. 

51. The apparatus of claim 35 further comprising a 
polariZation modulator coupled to said data modulator for 
modulating the state of polariZation of said optical signal at 
said data modulation frequency. 

52. The apparatus of claim 51 Wherein said polariZation 
modulator is con?gured for modulating the state of polar 
iZation of said optical signal such that an average value of 
the state of polariZation over a modulation cycle is substan 
tially equal to Zero. 

53. The apparatus of claim 51 Wherein said polariZation 
modulator modulates the state of polariZation by tracing the 
polariZation of said optical signal along at least a portion of 
a Poincare sphere. 

54. The apparatus of claim 51 Wherein the polariZation 
modulator modulates the state of polariZation of the optical 
signal at said data modulation frequency With a prescribed 
phase. 

55. The apparatus of claim 54, further comprising an 
electrical variable-delay line coupled to said polariZation 
modulator for selectively varying the prescribed phase. 

56. A method of modulating an optical signal for trans 
mission on an optical communication system, said method 
comprising: 

modulating data on said optical signal at a data modula 
tion frequency; and 

imparting a periodic amplitude modulation on said optical 
signal. 
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57. The method of claim 56 Wherein said data is modu 
lated on said optical signal using a DPSK modulation 
format. 

58. The method of claim 56 Wherein said periodic ampli 
tude modulation is imparted at modulation depth greater 
than or equal to 20%. 

59. The method of claim 58 Wherein said data is modu 
lated on said optical signal using a DPSK modulation 
format. 

60. The method of claim 56 Wherein said periodic ampli 
tude modulation is imparted at modulation depth greater 
than or equal to 40%. 

61. The method of claim 56 Wherein said periodic ampli 
tude modulation is imparted at modulation depth greater 
than or equal to 60%. 

62. The method of claim 56 Wherein said periodic ampli 
tude modulation is imparted at modulation depth greater 
than or equal to 80%. 

63. The method of claim 56 Wherein said periodic ampli 
tude modulation is imparted at modulation depth equal to 
about 100%. 

64. The method of claim 56 Wherein said periodic modu 
lation is imparted by driving an amplitude modulator With a 
sinusoidal drive signal. 

65. The method of claim 56, Wherein said periodic ampli 
tude modulation is imparted at an amplitude modulation 
frequency phase locked to said data modulation frequency. 

66. The method of claim 65 Wherein said amplitude 
modulation frequency is equal to said data modulation 
frequency. 

67. The method claim 56 further comprising selectively 
adjusting a depth of said periodic amplitude modulation. 

68. The method of claim 56 Wherein said modulating data 
on said optical signal is performed before said imparting 
said periodic amplitude modulation. 

69. The method of claim 56 further comprising imparting 
phase modulation to said optical signal. 

70. The method of claim 69 Wherein said phase modula 
tion is imparted at a phase modulation frequency phase 
locked to said data modulation frequency. 

71. The method of claim 70 Wherein said phase modula 
tion is imparted at a phase modulation frequency equal to 
said data modulation frequency. 

72. The method claim 69 further comprising selectively 
adjusting a level of said phase modulation. 

73. The method of claim 56 further comprising imparting 
polariZation modulation to said optical signal. 

74. A transmission system comprising: 

a transmitter including: 

an optical signal source con?gured to generate an 
optical signal, 

a data modulator coupled to said optical signal source 
and con?gured to modulate data on said optical 
signal at a data modulation frequency, and 

an amplitude modulator coupled to said optical signal 
source and con?gured to provide a periodic modu 
lation of the intensity of said optical signal; 

an optical transmission path coupled to said transmitter; 
and 

a receiver coupled to the optical transmission path. 




